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solution to radio frequency wireless communications. Recently, space modulation has been proposed for future multi-input multi-output (MIMO) VLC [2] . In space modulation, only a fixed number of light-emitting diodes (LEDs) are active while others are idle at any given time instant. Therefore, the location-dependent spatial information can be utilized to carry additional information bits to boost the overall spectral efficiency [3] . Compared with the conventional MIMO techniques, the space modulation can avoid the inter channel interference and synchronization problems.
Up to now, some work has been done on space modulation for optical wireless communications (OWC). As the simplest space modulation technique, the space shift keying (SSK) is first proposed for VLC [4] [5] [6] . In SSK, only one LED is active at each time instant and information is conveyed by the spatial constellation diagram. Although the SSK offers a good power efficiency, its spectral efficiency could be improved by not limiting the number of active LEDs to just one at each time instant. This leads to the concept of generalized SSK (GSSK) [7] , [8] . However, in SSK or GSSK, there is no signal modulation. To utilizing the signal domain information, the spatial modulation (SM) is developed. In SM, there is also only one active LED at each time instant. However, in addition to using the spatial constellation diagram, the signal constellation diagram is also employed to convey information. In [9] , the average bit error probability (ABEP) for the SM based OWC under turbulence channels is investigated, while the ABEP for the SM based VLC is derived in [10] . In [11] [12] [13] , the BERs for the OWC using uncoded SM, coded SM, generalized SM, and multi-stream SM are analyzed, respectively. [14] proposes a significant enhancement of optical SM performance by aligning the LEDs and the PDs. In [15] , the mutual information of the SM based OWC is derived. In [16] , the SM scheme that combines SSK with pulse position modulation is investigated for OWC. However, in [11] [12] [13] [14] [15] [16] , the modulation orders on the LEDs are the same as each other. To improve the system performance, the adaptive modulation schemes should be considered. In [17] , the channel-adaptive SM is considered for VLC, but the system performance is not analyzed from the theoretical aspect. Therefore, it is necessary to analyze and optimize the system performance for the VLC using adaptive SM (ASM).
Motivated by [17] , this paper analyzes the average SER performance for ASM based VLC and presents an optimization problem to improve system performance. The main contributions of this paper are summarized as follows: r Different from [11] [12] [13] [14] [15] [16] using the same modulation orders on all LEDs, the ASM scheme for VLC is considered in this paper. Moreover, the probability of selecting an LED to transmit information is proportion to the value of the modulation order on the LED. In other words, the LED with large modulation order will have a large probability to be selected.
r The average SER of the proposed ASM based VLC is analyzed. The problem of analyzing the average SER is transformed to the problem of analyzing two error probabilities. The first one is the error probability of the spatial domain (i.e., the error probability of estimating the index of the active LED). The second one is the error probability of the signal domain when the spatial domain is correctly estimated (i.e., the error probability of estimating the emitting symbol by the active LED when the estimation of the active LED's index is correct). Based on the two probabilities, the theoretical expression of the average SER is derived.
r To improve the system performance, an optimization problem is proposed to optimize the modulation order on each LED in case of the channel state information (CSI) at the transmitter is well known. The ASM based and the candidate reduction (CR)-ASM based optimization algorithms are proposed respectively to solve the problem.
r To show the accuracy of the derived theoretical expression and the reasonability of the proposed algorithm, all theoretical results are thoroughly confirmed by Monte-Carlo simulations. The remainder of this paper is organized as follows. In Section 2, the system model is described. In Section 3, the theoretical expression of the average SER for the VLC using ASM is analyzed. Specially, the theoretical expression of SER for VLC using SSK and SMS are shown in Section 4. In Section 5, an optimization problem to minimize SER is provided to improve system performance. Numerical results are presented in Section 6. Finally, Section 7 draws conclusions. 
System Model
Consider a VLC system using ASM, as shown in Fig. 1 . In the system, N t LEDs and N r PDs are deployed at the transmitter and the receiver, respectively. Note that the value of N t is assumed to be the power of 2. At the transmitter, only one LED is active at any timeslot and conveys a modulated positive intensity information while the other LEDs are silent. By using ASM, the information bits are mapped into two parts, where one part indicates the index of the active LED (namely spatial domain bits) and the other part uses the pulse amplitude modulation (PAM) (called signal domain bits). At the receiver, N r PDs receive the optical intensity signals and convert them into electrical signals.
In this paper, the CSI is well known at the transmitter, and the feedback of CSI in uplink can be accomplished by using some feasible wireless technologies, such as wireless radio frequency, visible light, infrared light or millimeter wave [18] , [19] . Moreover, the modulation order on each LED can be adaptively updated by using the ASM. Without loss of generality, the modulation order on the j-th LED is denoted as M j . If the j-th LED is activated and the q-th constellation point in M j -ary PAM signal constellation is emitted, the N t -dimentional transmitted signal vector can be expressed as
where x jq is the q-th signal constellation point in the M j -ary constellation diagram. Therefore, the received signal vector at N r PDs can be written as
where y = [y 1 , y 2 , . . . , y N r ] T represents the N r -dimensional received signal vector, and w = [w 1 , w 2 , . . . , w N r ] T is the N r -dimensional noise vector. Each element in w can be modeled as independent real valued additive white Gaussian noise with zero mean and variance
where h i ,j represents the channel gain of the VLC link between the j-th LED and the i -th PD in indoor line of sight environment, and it can be written as [20] 
where k is the Lambertian emission order given as k = − ln 2/ ln cos 1/2 , A is the physical area of the PD, 1/2 is the semi-angle at half-power of the LED, d ij is the transmission distance between the j-th LED and the i -th PD, φ ij and ϕ ij are the angle of emission and incidence from the j-th LED to the i -th PD, c denotes the field of view of the PD. At the receiver, the maximum-likelihood principle is used to detect the received signal, which can be expressed as
wherej is the estimated index of the active LED,q is the estimated signal constellation point of the M˜j-ary PAM constellation, f y|x jq ,H y|x jq , H is the conditional probability density function of y in the condition of signal vector x jq and channel matrix H. · F represents the Frobenius norm of a vector or matrix.
Average SER Analysis for ASM Based VLC
Based on the system model, the error performance of the ASM based VLC system will be analyzed in this section. Define Pr (j) be the probability of selecting the j-th LED to transmit information. In this paper, the ASM scheme is employed. Therefore, the LED with good CSI will be assigned large modulation order. Such an LED will be selected with high probability to transmit information. That is, if the modulation order on an LED is larger, the probability of selecting the LED to transmit information will be larger. According to the proportional selection scheme, Pr (j) is modeled by [21] 
Define P e be the average SER of the VLC system, and P ej be the SER of selecting the j-th LED to transmit information. In other words, when the j-th LED is selected as the active LED at the transmitter, the symbol error rate at the receiver is P ej . Therefore, the average SER P e is given by
When the j-th LED is activated to convey information at the transmitter, P ej can be divided into three parts: (a) the spatial domain information is wrong and the signal domain information is correct; (b) the spatial domain information is wrong and the signal domain information is wrong; (c) the spatial domain information is correct and the signal domain information is wrong. Assume that the error probability of spatial domain information is P a j and the conditional error probability of signal domain information when the spatial domain is correctly estimated is P s j . Therefore, the error probabilities for parts (a), (b) and (c) are given by P a j (1 − P s j ), P a j P s j and (1 − P a j )P s j , respectively. Therefore, P ej can be expressed as
Therefore, the problem of analyzing the average SER is transformed into the problem of analyzing P a j and P s j . In following two subsections, the two error probabilities will be analyzed respectively.
Analysis of P sj in Signal Domain
In VLC, the information is modulated as the instantaneous optical intensity, and thus the transmit optical signal should be non-negative. In addition, the instantaneous optical intensity of an LED is constrained by its peak optical intensity. Therefore, we have
where P is the allowed peak optical intensity of each LED. In this paper, the M j -ary PAM is employed by the j-th LED, and the signal constellation diagram is given in Fig. 2 . In the figure, the signal space is [0, P ]. The constellation points are supposed to be equally spaced, and the optical intensity nP/M j , n = 1, 2, . . . , M j are the constellation points while intensity zero is not. Therefore, the spacing between any two adjacent constellation points is given by
Let s 1 and s 2 be any two adjacent emitting signal vectors in constellation space, and they have equal probabilities. Therefore, the two decision regions can be determined by using the nearestneighbor principle. When the j-th LED is selected, the decision regions (i.e., D 1 and D 2 ) are shown in Fig. 3 . If the constellation point s 1 is sent, an error occurs if y is located in D 2 . Therefore, the error probability is given by [22] 
where d 12 = h j s 2 − h j s 1 F , w · h j s 2 − h j s 1 is a real Gaussian random variable with zero-mean and variance σ 2 h j s 2 − h j s 1 2 F . Therefore, P b can be further written as
where Q(x) = ∞ x e −t 2 /2 / √ 2πdt denotes the Gaussian Q-function. When the j-th LED is activated, the minimum distance between the received signals can be expressed as
In the M j -ary PAM constellation, there are M j − 2 inner points and 2 outer points. For the outer points, the error probability is one-half of the error probability of an inner point because of noise causing error in only one direction. Therefore, P s j is given by [22] 
Pr [error|m − th constellation point is sent]
Analysis of P a j in Spatial Domain
When the j-th LED is selected, let S j , j = 1, 2, . . . , N t stand for the set of the transmit constellation points, which can be written as
Moreover, if the j-th LED is activated and the x jq is emitted, the minimum distance between x jq and the other signal transmitted by different LED can be expressed as
At high SNR, if the estimation of the spatial domain of the x jq is error, it is most likely to be detected as the signal which is transmitted by different LED and is the nearest to the x jq . So the error probability of the spatial domain of the x jq can be expressed as
Furthermore, the error probability of the active LED index j can be expressed as the average error probability of the all signals transmitted by the j-th LED. Finally, P a j can be written as
Theoretical Expression of Average SER P e
Using (14) and (18) into (8), we have
Finally using (19) into (7), the theoretical expression of the SER for the ASM based VLC can be derived as
Average SER Analysis for Some Special Cases
For the ASM, both the signal constellation and the spatial constellation are considered. As is known, the SSK and the SM with the same modulation orders (named as SMS) are the special cases of the ASM. In this section, the average SER for these special cases will be investigated, respectively.
SSK
In SSK, only the spatial constellation is employed to convey information bits. In this case, the error probability for the SSK only includes the error of estimating the index of the active LED. Therefore, according to (20) , the theoretical expression of the average SER for SSK based VLC can be derived as
SMS
In SMS, both the signal constellation and the spatial constellation are considered. However, the modulation orders on LEDs in the signal constellations are the same as each other. Without loss of generality, let the modulation order on each LED be M . According to (20) , the theoretical expression of the average SER for the SMS based VLC can be derived as
Modulation Order Optimization

Problem Formulation and Solving
In (20) , the average SER performance can be improved by selecting an appropriate modulation order combination on the LEDs. For the SM based VLC, the spectrum efficiency can be expressed as
When the CSI is well known at the transmitter, this section aims to optimize the modulation orders on the LEDs by minimizing the average SER under the condition of fixed spectrum efficiency. Mathematically, the optimization problem for the ASM based VLC can be written as
In optimization problem (24), the minimum value of the objective is the global minimum, and the corresponding modulation order combination is the optimal solution. However, the problem (24) is an integer optimization problem, which is very complex and non-convex. Consequently, it is very hard to derive the optimal solution. In this paper, an ASM scheme is proposed to solve problem (24), which is shown in Fig. 4 . Note that the proposed ASM scheme is an exhaust searching algorithm, which has very high computational complexity. Referring to [23] , a candidate reduction ASM (CR-ASM) scheme is employed in this paper to shrink the search space, which can provide considerable complexity reduction. Similarly, define D = {d 1 , d 2 , . . . , d L } is the set of all possible modulation order combinations, where
. . , M i N t denotes the i -th modulation order combination. For the i -th modulation order combination d i , the variance of this combination is defined as
whered i is the mean of all elements in d i . It is shown in [23] that the value of V is a good metric to classify the legitimate candidates. The candidates are classified according to their variances and probabilities of occurrence, to derive the CR-ASM scheme. By using the CR-ASM scheme, the searching space D reduces to D r , which is limited to the candidates with the smallest and the second smallest V values in (25). That is because the other candidate cases have little effect on system performance. To facilitate the understanding, the stepwise procedures of the CR-ASM scheme are shown in Fig. 5 .
Time Complexity Analysis
In this subsection, the time complexities of the two schemes will be analyzed. Here, the time complexity of an algorithm is the running time expressed as a function of the size of the input parameters, which can be expressed by using the big-O notation. For simplicity, only main computational blocks Main Simulation Parameters of the proposed schemes are considered to evaluate the time complexity. That is, the time complexity is measured based on the numbers of multiplication and addition in main computational blocks.
For the ASM scheme, the numbers of multiplication and addition O (L N r N 2 t + L N t N t j=1 M j ) and O (L N r N t + L N t j=1 M j ), respectively. For CR-ASM scheme, the numbers of multiplication and addi-
, respectively. Therefore, both the ASM and CR-ASM schemes are time-efficient algorithms. Moreover, the complexity of the CR-ASM scheme is lower than that of the ASM scheme, which indicates that the CR-ASM scheme is a better choice for practical VLC systems.
Numerical Results
In this section, some classical results will be shown to verify the accuracy of the theoretical value of the average SER. Moreover, the performance of the proposed ASM and CR-ASM schemes will be shown. For comparison, the performance of the SSK scheme and the SMS scheme in Section IV will also be shown. In the simulation, the room size is set to be 5 m × 4 m × 3 m. Four different scenarios of 2 × 1 (i.e., N t = 2 and N r = 1), 4 × 1, 2 × 2 and 4 × 4 VLC systems are considered, and the locations of the LEDs and the PDs are shown in Table 1 . Other simulation parameters are presented in Table 2 . To verify the accuracy of the theoretical expression of the average SER, Figs. 6-9 illustrate theoretical results and simulation results of the average SER under scenarios 1, 2, 3 and 4, respectively. Obviously, the average SERs in Figs. 6-9 decrease with the increase of SNR. In each figure, it can be seen that the derived theoretical values of the average SER match simulation results very well especially in the high SNR regime. Moreover, the modulation orders on the LEDs have a large impact on the system performance. That is, the systems with different modulation order combinations have different SER performance. As can be seen in each figure, the system with the SSK scheme always achieves the best SER performance. However, its spectral efficiency is the lowest one. For scenario 1-scenario 4, the system with modulation order combination [2, 4] , [2, 2, 4, 2] , [2, 4] and [2, 2, 4, 2] achieves the worst SER performance, respectively. This indicates that it is very necessary to employ the ASM scheme to improve system performance. Figs. 10-13 show the average SER performance comparisons for three space modulation schemes (i.e., ASM, CR-ASM, and SMS) under scenarios 1, 2, 3 and 4, respectively. For all schemes, the theoretical values of the average SER match simulation results very well at high SNR, which verifies the accuracy of the derived expression of SER. Note that the modulation order combinations of the ASM and the CR-ASM schemes are optimized by using Algorithms 1 and 2, respectively. In Fig. 10 , the spectral efficiency of the three space modulation schemes is the same and is equal to 3 bit/s/Hz. The SMS scheme achieves the worst performance with modulation order on each LED is 4-PAM, while the ASM scheme and the CR-ASM scheme achieve the same and better performance with the modulation order combination [8, 2] (i.e.,the first LED employs 8-PAM, the second LED employs 2-PAM). In Fig. 11 , the spectral efficiency of the three space modulation schemes is the same and is equal to 4 bit/s/Hz. The SMS scheme achieves the worst performance with modulation order on each LED is 4-PAM, and the ASM scheme and the CR-ASM scheme achieve the same and better performance with the modulation order combination [8, 4, 2, 4] . Although the ASM and the CR-ASM schemes achieve the comparable performance, the CR-ASM scheme proposed in this paper is a better choice by considering the computational complexity. Similar conclusions can also be found in Figs. 12-13. Comparing Fig. 10 with Fig. 12 (or comparing Fig. 11 with Fig. 13 ), it can be observed that the SER performance improves with the increase of the number of PDs (i.e., N r ) when the spectrum efficiency is fixed. 
Conclusion
In this paper, the theoretical expression of the average SER for the ASM-based VLC is derived to evaluate the system performance. As special cases, the SERs for the VLC using SSK and SMS are also analyzed, respectively. Numerical results indicate that the derived theoretical expression is quite accurate to evaluate system performance at high SNR. To further improve the system performance, a modulation order optimization problem with fixed spectrum efficiency is formulated. Two algorithms (i.e., the ASM scheme and the CR-ASM scheme) are proposed to solve the problem. Numerical results indicate that the SSK scheme achieves the best performance. However, the signal constellation of the SSK scheme is not employed, and thus its spectral efficiency is low. Moreover, the proposed two schemes obtain comparable performance, and the proposed CR-ASM scheme can reduce the computational complexity. Therefore, with a low computational complexity, the proposed CR-ASM scheme is a better choice for VLC.
